The collision-less transfer of momentum and energy from explosive debris plasma to magnetized background plasma is a salient feature of various astrophysical and space environments. While much theoretical and computational work has investigated collision-less coupling mechanisms and relevant parameters, an experimental validation of the results demands the measurement of the complex, collective electric fields associated with debris-background plasma interaction. Emission spectroscopy offers a non-interfering diagnostic of electric fields via the Stark effect. A unique experiment at the University of California, Los Angeles, that combines the Large Plasma Device (LAPD) and the Phoenix laser facility has investigated the marginally super-Alfv enic, quasi-perpendicular expansion of a laser-produced carbon (C) debris plasma through a preformed, magnetized helium (He) background plasma via emission spectroscopy. Spectral profiles of the He II 468.6 nm line measured at the maximum extent of the diamagnetic cavity are observed to intensify, broaden, and develop equally spaced modulations in response to the explosive C debris, indicative of an energetic electron population and strong oscillatory electric fields. The profiles are analyzed via time-dependent Stark effect models corresponding to single-mode and multi-mode monochromatic (single frequency) electric fields, yielding temporally resolved magnitudes and frequencies. The proximity of the measured frequencies to the expected electron plasma frequency suggests the development of the electron beam-plasma instability, and a simple saturation model demonstrates that the measured magnitudes are feasible provided that a sufficiently fast electron population is generated during C debris-He background interaction. Potential sources of the fast electrons, which likely correspond to collision-less coupling mechanisms, are briefly considered. 
I. INTRODUCTION
The explosive expansion of debris plasma into magnetized background plasma characterizes a wide variety of astrophysical and space environments. Supernova remnants in the free-expansion phase, 1 for example, consist of stellar material rapidly moving through the surrounding magnetized interstellar plasma. Interplanetary coronal mass ejections 2 at the Sun produce fast-moving plasma bursts that can interact with the Earth's magnetosphere. Man-made explosions in the Earth's upper atmosphere, including high-altitude nuclear detonations 3 and magnetospheric particle tracer experiments, 4, 5 involve explosive debris expansion into the magnetized plasma of the ionosphere. In these and other related phenomena, the expanding debris plasma tends to decelerate as it interacts with both the background plasma and the magnetic field. Simple arguments from conservation of energy and momentum 6 demonstrate that highly super-Alfv enic debris expansions (M A ¼ v debris =v A ) 1) decelerate primarily due to coupling to the background plasma, while sub-Alfv enic debris expansions (M A ( 1) decelerate due to interaction with the magnetic field. Moreover, typical parameters in these environments indicate that the Coulomb collisional mean free paths exceed the characteristic interaction distances by orders of magnitude. Thus, in the super-Alfv enic regime, the expectation is that the debris plasma decelerates and transfers momentum and energy to the background plasma via collisionless, collective, electro-magnetic processes.
A number of recent studies [7] [8] [9] have made significant progress towards understanding collision-less coupling between super-Alfv enic debris plasma and ambient, magnetized plasma by utilizing theoretical arguments and "hybrid" code simulations (kinetic ions, massless fluid electrons). These investigations produced micro-physical models of collision-less coupling mechanisms and semi-empirical parameters determining the necessary plasma conditions for coupling (or decoupling) to occur. Presently, the proposed models and parameters demand experimental verification. The use of in situ observations of astrophysical and space phenomena for this purpose carries numerous challenges, including extraordinarily large spatial and temporal scales, irreproducibility, and limited data. Thus, properly scaled, parameter-controlled, reproducible laboratory experiments are crucial towards a complete understanding of collisionless debris-background plasma interaction and a validation of theory and simulations.
Electric fields play a fundamental role in the collisionless transfer of momentum and energy from explosive debris a) Electronic mail: AntonBondarenko@ymail.com plasma to magnetized background plasma. 6 The laboratory investigation of collision-less coupling mechanisms thus demands measurements of the complex electric field structures that arise during debris-background plasma interaction. Emission spectroscopy provides a species-selective, noninterfering diagnostic for assessing electric fields via the Stark effect. 10 Conventionally, Stark broadening of spectral lines is associated with dense plasmas in which emitting atoms or ions experience time-varying "micro-fields" due to ions and electrons located within approximately a Debye radius from the emitters. In this type of "pressure" Stark broadening, the width and shape of spectral lines can be used to extract various plasma parameters, including electron temperature and density. 11 However, Stark broadening can also be attributed to long-range, collective electric fields corresponding to plasma waves and turbulence. 12 This type of "wave field" Stark broadening can significantly exceed pressure broadening in lower density, non-equilibrium plasmas. In addition, the electric field oscillations corresponding to plasma waves and turbulence can generate detectable sideband spectral lines, or "satellites." 13 Provided that all other significant broadening mechanisms are taken into account, wave field Stark broadening models can yield the magnitude, frequency, and direction of the electric field from the spectral line shape and separation between the satellites. This diagnostic has thus proven to be a valuable tool in the investigation of plasma turbulence in a number of studies. [14] [15] [16] This paper reports the novel application of emission spectroscopy and wave field Stark broadening to a laboratory study of the electric fields associated with the interaction of explosive debris plasma and magnetized background plasma. A unique experimental platform at the University of California, Los Angeles (UCLA), is utilized to investigate the marginally super-Alfv enic (M A % 1:1), quasi-perpendicular expansion of laser-produced carbon (C) debris plasma through a preformed, magnetized helium (He) background plasma. Spectral profiles of the He II 468.6 nm line measured at the maximum extent of the diamagnetic cavity 17 are observed to intensify, broaden, and develop equally spaced modulations in response to the explosive C debris plasma, indicative of an energetic electron population and strong oscillatory electric fields. The profiles are analyzed via time-dependent Stark effect models corresponding to single-mode and multi-mode monochromatic (single frequency) electric fields for hydrogen (H)-like ions, yielding temporally resolved (1 ls) electric field magnitudes ($10 2 kV/cm) and frequencies ($10 11 rad/s). The measurements are compared to laminar and turbulent electric fields associated with collision-less debris-background coupling mechanisms and found to be inconsistent. The proximity of the measured frequencies to the expected electron plasma frequency suggests the development of the electrostatic electron beam-plasma instability, and a simple saturation model demonstrates that the measured electric field magnitudes are reasonable provided that a sufficiently fast electron population ($10 9 cm/s) is generated during C debris-He background interaction. Potential sources of the fast electrons, which are likely related to the laminar and turbulent fields associated with collision-less debris-background coupling, are briefly addressed. Section II begins by outlining the experimental platform and setup. Section III describes the extraction of electric field magnitudes and frequencies from spectral profiles via time-dependent Stark effect models. Section IV demonstrates the consistency of the measurements with the electron beam-plasma instability and briefly discusses the potential sources of the necessary fast electrons. Section V concludes the paper.
II. THE EXPERIMENT
A unique experimental platform at UCLA for investigating the interaction between explosive debris plasma and magnetized background plasma utilizes two facilities in combination. The first facility, the Large Plasma Device (LAPD), 18 creates a well-characterized, current-free, steadystate (10 ms), highly reproducible (1 Hz), and large plasma column (18 m length, %60 cm diameter) via cathode-anode discharge using a variety of gas fills (typically H, He, Ne, and Ar). Magnetic coils along the length of the machine generate a configurable axial magnetic field (200 G-1800 G) that magnetizes and radially confines the plasma. The second facility, the Phoenix Laser Laboratory, provides two laser systems: Raptor 19 and Phoenix. 20 The kJ-class Raptor laser delivers an energetic pulse (1053 nm, 25 ns, >200 J) onto the surface of a solid target (typically C or CH 2 ) embedded within the preformed, magnetized plasma of the LAPD, producing explosive debris plasma via ablation. The lowerenergy Phoenix laser (1064 nm, 5 ns, 20 J) is employed as a diagnostic beam. Various diagnostics utilize the access ports of the LAPD to monitor the debris-background plasma interaction.
A schematic layout of the present experiment is shown in Fig. 1 . To understand the configuration, it is useful to first define a coordinate system. In the LAPD, parallel to the background magnetic field defines the þẑ direction, perpendicular to the magnetic field and horizontally away from the target defines the þx direction, and perpendicular to the magnetic field and up along the target shaft defines the þŷ direction. The target center at the y coordinate where the laser irradiates the target defines the origin (x, y, z) ¼ (0 cm, 0 cm, 0 cm), and the time at which the laser pulse first irradiates the target defines the initial time t ¼ 0 ls. In this experiment, the LAPD generates He background plasma via two simultaneous cathode-anode discharges at opposite ends of the machine. The main discharge from a large barium oxide (BaO) coated nickel (Ni) cathode produces a 60 cm diameter plasma column with an electron density of %2 Â 10 12 cm
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, while a second discharge from a smaller, higher-emissivity lanthanum hexa-boride (LaB 6 ) cathode increases the electron density of the central 20 cm diameter to %4 Â 10 12 cm
. The center of the plasma column is approximately aligned to (x, y) ¼ (30 cm, 0 cm), corresponding to the central axis of the machine. A uniform magnetic field of 300 G in the þẑ direction magnetizes the plasma. At the machine center, the electron temperature is %5.5 eV and the ion temperature is Շ1 eV. A long, rectangular graphite target is submerged into the LAPD and the target face normal is oriented in the þx direction. The Raptor laser, operating at 100 J per pulse, is focused onto the surface of the target at (x, y, z) ¼ (0.6 cm, 0 cm, 0 cm) through a 1.8 m focal length lens to a spot size of %2 mm 2 , yielding surface intensities of %200 GW/cm 2 . Because laser-ablated plasma is primarily directed along the target surface normal independent of the laser angle of incidence, the present target orientation ensures that the C debris expands primarily in the þx direction along the blow-off axis defined by (y, z) ¼ (0 cm, 0 cm), across the magnetic field, and through the maximal volume of background plasma. The target is moved up or down between every laser shot to provide a fresh, flat surface for ablation.
A custom-built spectroscopic fiber probe is placed at coordinates (x, y, z) ¼ (30 cm, 0 cm, À30 cm) and oriented to collect line-integrated light emission along the þẑ direction (parallel to the background magnetic field and perpendicular to the primary blow-off direction). A 75 mm focal length lens at the probe's collection end projects an image from the blow-off plane (z ¼ 0 cm) onto a vertically oriented linear array of 20 200 lm fused silica optical fibers. In this configuration, the imaged field of view is centered at x ¼ 30 cm on the blow-off axis, spanning %0.1 cm along x and %1.5 cm along y. However, the collected signal also contains defocused contributions along the entire line of sight. The fibers are directly coupled into a 0.75 m SPEX spectrometer containing a 3600 g/mm UV holographic grating. The spectrum is centered on the He II 468.6 nm line and projected onto a Princeton Instruments (PI) MAX 2 intensified chargecoupled device (ICCD) camera, yielding a spectral resolution of %0.02 nm. Light emission collected during laser shots is time-integrated for 1 ls at various delays after the laser pulse. Additional diagnostics, including differentially wound magnetic flux probes 21 and a Thomson scattering system, 22 are employed at various locations along the blow-off axis, though they are not shown in Fig. 1 .
III. SPECTROSCOPIC MEASUREMENTS OF ELECTRIC FIELDS
This section describes the extraction of time-resolved electric field magnitudes and frequencies from measured spectral profiles of the He II 468.6 nm line via wave field Stark effect theory. Section III A provides context by reviewing the basic features of laser-produced debris plasma expansion into magnetized background plasma and identifying the spatial and temporal extent of the spectroscopic measurements with respect to measured magnetic field profiles. Section III B demonstrates the effect of explosive C debris plasma on the emission profile of the He II 468.6 nm line, which provides evidence of the development of oscillatory electric fields. Section III C delves into the wave field Stark effect, describing the theoretical spectral profiles of H-like ions subjected to single-mode and multi-mode monochromatic electric fields. The inclusion of other spectral line broadening mechanisms is also discussed. Finally, Sec. III D applies the theoretical models to the measured profiles, yielding time-resolved electric field magnitudes and frequencies from the best fits.
A. Spatial and temporal extent of spectroscopic measurements
In order to put the spectroscopic measurements into context, it is useful to review the basic features of the quasiperpendicular expansion of laser-produced debris plasma through preformed, magnetized background plasma. 17 In the present experiment, an energetic laser pulse at time t ¼ 0 ls ablates the surface of a graphite target, producing explosive C debris plasma expanding radially, quasi-perpendicular to the background magnetic field (B 0 ¼ 300 G). At times much earlier than an ion gyro-period, the effectively freestreaming C debris ions outrun the magnetically confined debris electrons, resulting in a radial electric field. This causes an azimuthal E Â B drift of the electrons, which, in conjunction with $p e Â B electron pressure gradient flows, generates a diamagnetic current that expels the background magnetic field within the current layer and compresses the magnetic field at the current layer's edge. As the C debris plasma continues to expand, it propagates the magnetic compression forward and the diamagnetic cavity increases in size. The C debris ions also transfer momentum and energy to the He background ions through collision-less, collective, electromagnetic processes, primarily in the vicinity of the magnetic compression and diamagnetic cavity edge, though the efficiency of the coupling depends on a number of parameters. 9, 23 Doppler shift measurements of the dominant C V debris charge state indicate an initial expansion speed of (1.60 6 0.20) Â 10 7 cm/s. 24 At the background magnetic field, this corresponds to a marginally super-Alfv enic (M A % 1:1) expansion on average, though a significant 
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fraction of the debris is sub-Alfv enic (M A < 1) due to the large spread in the velocity distribution. The C debris ions decelerate due to interactions with both the magnetic field and He background, and the diamagnetic cavity growth eventually stops. Late in time, the magnetic field returns to its background value via diffusion. Fig. 2 demonstrates the temporal and spatial extent of the spectroscopic measurements with respect to profiles of the magnetic field's z-component (B z ), measured via differentially wound magnetic flux probes during C debris expansion through He background. The temporal profile shows the evolution of B z at x ¼ 30 cm along the blow-off axis, which is the imaged spatial location of the spectroscopic measurements. The peak compression occurs at t % 1.6 ls and the field is fully expelled by t % 2.8 ls. By t % 4.6 ls, magnetic diffusion has restored the field to its background value. Continued growth of the field above the background value at later times is an artifact of the numerical integration used in the analysis. The shaded region from t ¼ 2 ls to 8 ls represents the time range during which time-resolved (1 ls) spectroscopic measurements of the electric field are obtained. The spatial profile shows the structure of B z along the blowoff axis at t ¼ 3 ls, the approximate time at which the diamagnetic cavity reaches its maximum extent of x % 30 cm. The peak magnetic compression can be seen ahead of the cavity at x % 45 cm. The imaged spatial location of the spectroscopic measurements, highlighted at x ¼ 30 cm, is thus at the approximate maximum extent of the diamagnetic cavity edge. It is important to recall that defocused emission along the entire line of sight also contributes to the spectroscopic signal.
B. Evidence of oscillatory electric fields
The explosive expansion of laser-produced C debris plasma through magnetized He background plasma significantly affects the emission profile of the He II 468.6 nm line. Specifically, the line intensifies, broadens, and develops equally spaced modulations immediately after the magnetic compression passes through the collection field of view at t % 1.6 ls, and these effects are detectable until t % 8 ls, long after the collapse of the diamagnetic cavity. Fig. 3 shows the wavelength profiles obtained with and without C debris plasma at x ¼ 30 cm along the blow-off axis, time-integrated from t ¼ 3 ls to 4 ls. Comparison of the non-normalized profiles reveals that the wavelength-integrated intensity increases by a factor of %500, while comparison of the normalized profiles demonstrates that the FWHM increases by a factor of %2. Additionally, in the presence of C debris, the broadened profile appears to become modulated by subsidiary peaks.
While the line intensification indicates an energetic electron population that excites ground state He II ions via collisions and causes additional fluorescence, the line broadening and formation of equally spaced modulations can be understood from the wave field Stark effect. A well-known characteristic of H-like ions subjected to an oscillating, monochromatic (single frequency) electric field is the formation of a series of sideband spectral lines, or "satellites," symmetrically located on either side of the original line center and spaced apart at the electric field frequency 25 (discussed in detail in Sec. III C). If the frequency is high enough for the satellite separation to exceed the resolution limit of the spectroscopy apparatus, the individual satellites are, in principle, observable. However, if other effects (e.g., Doppler broadening) are substantial enough to overlap the individual satellites, the resulting profile can resemble a single broadened, modulated peak. This is consistent shows the structure of B z (in G) along the blow-off axis at t ¼ 3 ls, when the diamagnetic cavity reaches its approximate maximum size. The highlighted regions correspond to the temporal range (t ¼ 2 ls to 8 ls) and position (x ¼ 30 cm) of the spectroscopic measurements.
FIG. 3.
Comparison of the observed He II 468.6 nm line profiles with and without explosive C debris plasma. The profile with C debris (solid line) intensifies (factor of %500 in wavelength-integrated intensity) and broadens (factor of %2 in FWHM) relative to the non-normalized (dashed-dotted line) and normalized (dashed line) profiles without C debris, respectively, and becomes modulated by subsidiary peaks.
with the observed He II 468.6 nm line profile of Fig. 3 , suggesting that the interaction of explosive C debris plasma with magnetized He background plasma generates monochromatic electric fields. Qualitatively similar broadened, modulated profiles of the He II 468.6 nm line have been observed in previous studies 14, 15 investigating plasma turbulence. In order to establish confidence that oscillatory electric fields are indeed responsible for the observed effect on the He II 468.6 nm line profiles, it is necessary to verify that the modulations are equally spaced and not an artifact of noise. Fig. 4 demonstrates the use of Fourier transforms and low-pass filtering to identify a specific wavenumber corresponding to the modulations. It shows the broadened, modulated He II 468.6 nm line profile of Fig. 3 low-pass filtered above and below a distinct peak in the Fourier transform with a wavenumber of 35 nm
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. The modulations disappear when the low-pass filter cuts off the peak in wavenumber space, confirming that the embedded pattern is equally spaced with a separation of Dk E ¼ 1=35 nm À1 % 0:029 nm between consecutive modulations. At the transition wavelength k c ¼ 468.6 nm, this separation corresponds to an electric field frequency of x E % 2pcDk E =k 2 c % 2:5 Â10 11 rad=s. Fourier transforms of dark frames do not exhibit a distinct peak at any wavenumber, eliminating the possibility of a detector artifact. In addition, the modulations are not present in He II 468.6 nm line profiles measured without C debris plasma. The modulations are thus concluded to be a result of monochromatic electric fields arising during C debris-He background interaction.
C. Theoretical spectra of H-like ions in monochromatic electric fields
From the wave field Stark effect on H-like ions, analytic expressions for the spectral profiles arising in various timedependent electric fields can be obtained as a function of frequency, magnitude, and direction. Best fits of the theoretical spectra to the data can thus yield measurements of one or more of these parameters. Though the observed modulations suggest the development of monochromatic electric fields during C debris-He background interaction, their exact functional form is not known a priori. In an effort to obtain the best possible fit, this study considers both single-mode monochromatic fields, represented by a single sinusoid, and multi-mode monochromatic fields, represented by a superposition of sinusoids of different amplitudes and phases.
Single-mode model: The theoretical spectral profile of H-like ions under the influence of a one-dimensional, singlemode, monochromatic (frequency x E ) electric field of the form
was first derived by Blochinzew. 25, 26 Ignoring all other line broadening mechanisms, the intensity profile S SM in wavelength space has the form
Here, C is an arbitrary normalization constant, and Dk is the independent variable indicating the wavelength interval from the center transition wavelength k c . The profile S SM is thus characterized by an infinite series of d-function satellites symmetrically located about the transition center and separated by Dk E , which is directly proportional to the electric field frequency x E % 2pcDk E =k 2 c . The relative satellite intensities are determined by the function I SM , which has the form
Here, p is the satellite order, d p0 is the Kronecker delta, J p is the Bessel function of the first kind of order p, and the X k and f k coefficients are tabulated 27 lateral Stark component shift parameters and relative intensities, respectively. The parameter is defined by
where E 0 is the electric field amplitude, x E is the electric field frequency, Z is the nuclear charge number (2 for He), e is the electron charge, a 0 is the Bohr radius, and h is the reduced Planck's constant. To obtain the full theoretical profile, it is necessary to convolve Eq. (2) with a line shape function F that takes into account all other significant line broadening effects (e.g., Doppler broadening). The convolution is particularly simple because of the d-function, yielding FIG. 4 . Demonstration that the modulations embedded in the He II 468.6 nm line profiles measured with explosive C debris plasma are equally spaced, indicative of monochromatic electric fields. In this profile, the modulations disappear when a low-pass filter moves from (a) just above to (b) just below a distinct peak in the Fourier transform (insets) at 35 nm À1 , corresponding to a wavelength spacing of Dk E % 0.029 nm and an electric field frequency of x E % 2.5 Â 10 11 rad/s.
Thus, the full single-mode profile S SMþF is characterized by an infinite series of broadened satellites symmetrically located about the transition center, separated by Dk E , and weighted by I SM . The separation between the satellites only depends on x E , while the satellite intensity envelope I SM depends on x E , E 0 , and the electric field direction. The electric field directionality is implicitly included in the sum over k in Eq. (3), which selectively includes r-and p-polarized lateral Stark components depending on the direction of observation with respect to the direction of the electric field. Multi-mode model: The theoretical spectral profile of H-like ions under the influence of a one-dimensional, multimode, monochromatic (frequency x E ) electric field of the form
was first obtained by Lifshitz 25, 28 in the limit N ! 1. Ignoring all other line broadening mechanisms, the intensity profile S MM in wavelength space has the form
Just as in the single-mode case, the profile S MM is characterized by an infinite series of d-function satellites symmetrically located about the transition center and separated by Dk E . The relative satellite intensities are determined by the function I MM , which has the form
Here, I jpj is the modified Bessel function of the first kind of order jpj. The parameter k is defined bỹ
where E RMS is the root-mean-square electric field magnitude
All of the other parameters have the same definitions as in the single-mode case. The full theoretical profile is obtained by convolving Eq. (7) with a line shape function F that includes all of the other line broadening mechanisms, yielding
Thus, the full multi-mode profile S MMþF is characterized by an infinite series of broadened satellites symmetrically located about the transition center, separated by Dk E , and weighted by I MM . As in the single-mode case, the separation between the satellites only depends on x E , while the satellite intensity envelope I MM depends on x E , E RMS , and the electric field direction, which is embedded in the sum over k in Eq. (8) .
In order to utilize the theoretical profiles corresponding to single-mode and multi-mode monochromatic electric fields (Eqs. (5) and (10)), it is necessary to determine the line shape function F. This is accomplished by fitting a synthetic profile of the He II 468.6 nm line generated via a steadystate, non-local thermal equilibrium (non-LTE) simulation in the collisional-radiative code PrismSPECT 29 to a profile measured without the presence of explosive C debris plasma, which does not contain the satellite effects from monochromatic electric fields and only includes contributions from other significant broadening mechanisms. Since only a rough estimate of the He II ion temperature exists, it is treated as a free parameter in the fit. The rest of the background plasma parameters used in the simulation follow from Sec. II. Fig. 5 shows the best-fit synthetic spectrum (at an ion temperature of %0.4 eV) to a measured profile. Doppler broadening, instrumental broadening, pressure Stark broadening, and fine structure splitting are taken into account. The fit does not include Zeeman splitting, but this effect is undetectable at the experimental resolution for magnetic fields smaller than $10 4 G. The best-fit synthetic profile defines the smooth, noise-free line shape function F. Because F is determined from profiles measured without C debris, its application to profiles measured with C debris (as discussed in Sec. III D) implicitly assumes that the C debris does not affect the four contributing broadening mechanisms, which requires justification. Detailed analysis shows that, in the framework of the monochromatic Stark effect models discussed in this section, any variation in these broadening mechanisms due to C debris should not result in more than %5% variation in the extracted electric field magnitudes. This non-trivial assumption is thus well-justified.
D. Application of theoretical spectra to data
Theoretical profiles corresponding to single-mode and multi-mode monochromatic electric fields (Eqs. (5) and (10) (10) . A synthetic profile of the He II 468.6 nm line generated via PrismSPECT (solid line) is fit to a profile measured without C debris plasma (dashed line). The best-fit synthetic spectrum (at an ion temperature of %0.4 eV) includes Doppler broadening, instrumental broadening, pressure Stark broadening, and fine structure splitting, and defines the smooth, noisefree line shape function F. debris plasma. In the fitting process, only the electric field magnitude is treated as a free parameter. The modulation separation Dk E and the electric field frequency x E % 2pcDk E =k 2 c are locked to their determined values from the Fourier transforms of the measured wavelength profiles, as demonstrated in Fig. 4 . The direction of the electric field, unknown a priori, is fixed to either perpendicular or parallel to the optical collection axis through the sum over k in Eqs. (3) and (8) . In total, there are thus four types of fits: singlemode perpendicular, single-mode parallel, multi-mode perpendicular, and multi-mode parallel. To eliminate noise artifacts and improve the fit quality, the measured profiles are low-pass filtered just above the modulation wavenumber. Fig. 6 demonstrates the construction of a single-mode perpendicular theoretical best fit to the broadened, modulated He II 468.6 nm line profile of Fig. 3 . First, a series of d-function satellites spaced by Dk E is constructed in accordance with Eq. (2). Next, each d-function satellite is replaced with the line shape function F of Fig. 5 . Finally, the broadened satellites are added together and the result is re-normalized, yielding the final theoretical profile of Eq. (5). A LevenbergMarquardt mean-squared error minimization algorithm varies the electric field amplitude E 0 , which modifies the relative intensities of the broadened satellites through I SM (Eq. (3)) until a best fit to the measured profile is achieved. The single-mode perpendicular model replicates the general shape of the profile quite well, yielding a best-fit amplitude of E 0 ¼ 26 6 6 kV/cm. However, the model fails to reproduce the observed modulations, which are "washed out" due to the overlap of the individual broadened satellites. In order to better reproduce the observations, a more rigorous treatment of fine structure 30 and consideration of resonant nonadiabatic features 31 in the context of the time-dependent Stark effect may be necessary, which is outside the scope of this study.
The process demonstrated in Fig. 6 is repeated for a time series of He II 468.6 nm line profiles with the four different types of theoretical fits (single-mode perpendicular, single-mode parallel, multi-mode perpendicular, and multimode parallel). The time series spans from t ¼ 2 ls to 8 ls, the interval during which the intensification of the He II 468.6 nm line is sufficient to yield a strong signal over the 1 ls integration time. Fig. 7 shows the root-mean-square electric field magnitudes, frequencies, and intensification factors (the factors by which the collected, wavelengthintegrated signal intensifies relative to the background level in the presence of explosive C debris) plotted versus time. For the single-mode fits, the root-mean-square electric fields are obtained by multiplying the best-fit amplitudes E 0 by the standard factor of ffiffi 2 p 2 for sinusoidal functions. From the results, it is clear that the different types of fits yield considerably different magnitudes. The single-mode perpendicular model yields the weakest fields (8-26 kV/cm), while the multi-mode parallel model yields the strongest fields (49-182 kV/cm). The measured frequencies are in the range of 2.2-4.6 Â 10 11 rad/s. The data suggest some reduction in magnitudes over time, though there is no obvious correlation to the behavior of the magnetic field. The line intensification ranges from two to three orders of magnitude above the background level and persists until at least t % 8 ls. The intensities fluctuate significantly in time, likely due to the dependence of the collected signal on the time-varying spatial distribution of the excited He II ions with respect to the fiber probe.
Because the difference in the quality of fits between the four models is minor, it is challenging to extract the functional form and direction of the electric field from the spectral profiles. For most profiles, the single-mode models yield a slightly better match at the profile wings than the multimode models (up to 3% higher R 2 goodness-of-fit coefficient). Furthermore, reasonable fits of the multi-mode parallel model are not obtainable from t ¼ 3 ls to 6 ls. Thus, the present data weakly suggest that the electric fields are better represented by the single-mode form of Eq. (1). However, there is no significant difference in the quality of fits between the single-mode perpendicular and single-mode parallel cases and therefore no indication of electric field direction. In this study, the results of all four models are considered feasible. The task of conclusively determining the electric field functional form and direction directly from the observed spectral profiles is left for a future experiment, discussed in Sec. IV.
IV. INTERPRETATION OF ELECTRIC FIELDS
In order to interpret the spectroscopic electric field measurements, they are first compared to the theoretical fields expected to arise in the interaction between explosive debris plasma and magnetized background plasma. Assuming negligible Coulomb collisions, an expanding debris plasma can couple momentum and energy to magnetized background plasma via collision-less, collective processes associated with two types of electric fields: laminar and turbulent. 6 An expression of the laminar electric field can be derived 8 by combining the fluid electron momentum equation with Ampere's law, yielding (in c.g.s units)
In Eq. (11), B is the magnetic field, J i is the current density of the ith ion species, p e is the electron pressure, e is the electron charge, n e is the total electron density, and c is the speed of light. The laminar electric field thus depends on three features: the electron pressure gradient (first term), the magnetic pressure and curvature (second term), and the total ion current (third term). Under the experimental plasma parameters, the strongest laminar fields arise in the vicinity of the magnetic compression and diamagnetic cavity edge, where the second and third terms are large and the first term is relatively insignificant. Utilizing the measured magnetic field profiles of Fig. 2 , the maximal laminar fields are estimated to be $10 À2 kV=cm, orders of magnitude smaller than the measured $10 2 kV/cm. The discrepancy indicates that the laminar field of Eq. (11) does not correspond to the measurements.
Turbulent electric fields associated with collision-less debris-background coupling arise due to certain instabilities. Two candidates are the ion-ion streaming instability 32 and the modified two-stream instability. 33 For low electron beta plasma (b e ( 1, a satisfied condition in the present experiment outside of the diamagnetic cavity), these instabilities can only develop for sub-Alfv enic (M A < 1) debris expansions. The marginally super-Alfv enic (M A % 1:1) expansion on average and large velocity spread in the present experiment thus indicate that the candidate instabilities can potentially exist. Under the experimental parameters, the characteristic frequencies of the ion-ion streaming instability (on the order of the ion plasma frequency) and the modified two-stream instability (on the order of the lower-hybrid frequency) are $10 9 rad/s and $10 7 rad/s, respectively. Again, these fall considerably short of the measured $10 11 rad/s. Thus, turbulent electric fields associated with collision-less debris-background coupling mechanisms also do not account for the measurements directly.
It follows that the measured electric fields must correspond to a secondary effect, likely driven by the laminar or turbulent electric fields discussed previously. The estimated total electron density at the observation position provides insight into the nature of this effect. Assuming a spherical debris expansion that stops at the diamagnetic cavity edge, Thomson scattering measurements, 24 in combination with the known LAPD background, infer a total electron density of %5.1 Â 10 13 cm À3 at 30 cm from the target. At this density, the electron plasma frequency is $10 11 rad/s, consistent with the measured frequencies of Fig. 7 . The most plausible explanation for strong electric fields with frequencies in this range is the electrostatic electron beam-plasma instability, which is a Langmuir mode strongly excited by a tenuous beam of fast electrons. The growth rate of the most unstable mode is on the order of the electron plasma frequency, corresponding to a characteristic "e-folding" time of $10 À11 s. Saturation can thus be easily achieved on the $1 ls time scales of the measurements. To further motivate the plausibility of the electron beamplasma instability, a simple non-linear saturation model 34 demonstrates that the measured electric field magnitudes and frequencies are consistent and feasible provided that sufficiently fast electrons are generated during C debris-He background interaction. Assuming a cold electron beam of density n b and speed V b injected into a cold, stationary plasma of electron density n 0 , and requiring the beam density fraction f n b n 0
( 1, the instability saturates by beam electron trapping at an electric field magnitude (in c.g.s. units)
Utilizing Eq. (12) initially appears problematic because it contains three variables (n 0 , f, and V b ). Although an estimate of the total electron density exists, the portions of that total density that participate as the fast electron beam n b and as the stationary background n 0 are unknown. However, a selfconsistent solution can be obtained for n 0 and f by simultaneously solving two independent equations that relate them, leaving only the beam speed V b as a variable. The first equation follows from the definition of the total electron density n total ¼ n 0 þ n b , allowing the beam density fraction f to be written as
The second equation follows from the oscillation frequency of the most unstable mode in the electron-beam plasma instability, given by
Using the definition of the electron plasma frequency x pe ¼ ffiffiffiffiffiffiffiffiffiffi 4pn 0 e 2 m e q and solving for f in Eq. (14) yield
In order to solve for f and n 0 simultaneously, Eq. (13) utilizes n total ¼ 5.1 Â 10 13 cm À3 from Thomson scattering measurements, while Eq. (15) obtains x E,fast ¼ 3.0 Â 10 11 rad/s from the average of the measured electric field frequencies of Fig. 7 , implicitly assuming that the measured frequencies correspond to the most unstable mode. This yields f % 0.14 and n 0 % 4.5 Â 10 13 cm
À3
. Fig. 8 shows a plot of the saturation electric field E sat of Eq. (12) versus the remaining variable V b , using the determined values of f and n 0 . The saturation field is compared to the maximum measured root-mean-square electric field magnitudes corresponding to the four models (single-mode perpendicular, single-mode parallel, multi-mode perpendicular, and multi-mode parallel). It follows that, within the framework of the simple saturation model, the measured electric field magnitudes and frequencies of Fig. 7 are consistent with the electron beam-plasma instability provided that sufficiently fast electrons exist. For example, the maximum measured electric field of 134 6 48 kV/cm (corresponding to the multi-mode parallel model) requires an electron beam speed of V b ¼ (2.6 6 0.9) Â 10 9 cm/s. There is, in fact, additional evidence for the existence of such fast electrons. Emission of the He II 468.6 nm line requires a population of He II ions to spontaneously transition from energy levels with principal quantum number n ¼ 4 to n ¼ 3. The observed orders-of-magnitude intensification of the line therefore indicates a comparable increase of the n ¼ 4 level population. The vast majority of the He II ions in the steady-state background plasma of the LAPD are initially in the n ¼ 1 ground state, as verified by the collisional-radiative code PrismSPECT. 29 This implies that the interaction of explosive C debris with He background populates the n ¼ 4 level via collisional excitation primarily from the n ¼ 1 ground state, which requires free electrons with at least %51 eV of kinetic energy, corresponding to a speed of at least 4.2 Â 10 8 cm/s. As expected, this significantly exceeds the LAPD background electron thermal speed of 1.7 Â 10 8 cm/s and is comparable to the beam speeds necessary to produce the measured electric field magnitudes, in accordance with Fig. 8 . Moreover, as shown in Fig. 7 , the orders-of-magnitude intensification persists for at least 6 ls even though the characteristic spontaneous decay time from n ¼ 4 to n ¼ 3 is only $10 ns, indicating that the n ¼ 4 level is continually repopulated via collisions with energetic electrons. Further evidence comes from a previous study 35 on the LAPD with lower laser energy (%25 J), in which Langmuir probes detected fast electrons near the diamagnetic cavity edge with speeds of at least 3.5 Â 10 8 cm/s. Considering the significantly higher laser energy in the present experiment, electron speeds of $10 9 cm/s appear feasible. The results of this study lead to the following general picture: as the explosive C debris plasma expands through the magnetized He background plasma, the resulting laminar or turbulent electric fields accelerate a small fraction of the total electron population to speeds much greater than those of the debris expansion and the thermalized LAPD background electrons. The fast electrons excite ground state He II ions via collisions, causing intensification in the He II 468.6 nm line. Additionally, the streaming of the fast electrons through the relatively slow debris and background plasmas leads to the development of the electron beam-plasma instability. The strong electric fields associated with this instability, which oscillate near the electron plasma frequency, then broaden and modulate the profile of the He II 468.6 nm line, in accordance with the wave field Stark effect. It should be noted that the laminar or turbulent fields that generate the fast electrons can be relatively small. For example, a field of only 5 Â 10 À2 kV=cm acting over a distance of 5 cm (reasonable parameters for a laminar electric field based on estimates from Fig. 2) accelerates an initially stationary electron to a sufficient speed of 10 9 cm/s. Electric fields of such small magnitudes do not produce an observable effect on the He II 468.6 nm line, and only the much stronger fields associated with the resulting electron beam-plasma instability are detected.
The exact mechanism responsible for generating the fast electron population remains to be determined. However, the persistence of the measured electric fields until at least t % 8 ls, long after the collapse of the diamagnetic cavity at t % 5 ls, offers some insight at late times. Because the electron beam-plasma instability is electrostatic, the electric field that generates fast electrons must have a component parallel to the magnetic field. For quasi-perpendicular debris expansion, the laminar electric field of Eq. (11) is unlikely to produce such a component. After the collapse of the diamagnetic cavity, the only remaining significant contribution is the third term (corresponding to the ion current), which primarily generates an azimuthal field. The modified two-stream instability, 33 one of the candidates for turbulent debris-background coupling, offers a more promising explanation. In low electron beta plasma (b e ( 1), this instability develops due to a relative sub-Alfv enic (M A < 1) drift between the expanding debris ions and magnetically confined electrons in the direction perpendicular to the magnetic field, resulting in a transfer of ion perpendicular drift energy into electron parallel energy. It is typically assumed that this leads to a bulk heating of the electrons along the magnetic field. However, particle simulations 36 have shown that, under certain conditions, a small fraction of the electron population can be monotonically accelerated along the magnetic field over multiple oscillations of the instability to almost an order of magnitude above the electron thermal speed, resulting in a supra-thermal tail in the velocity distribution rather than a bulk heating. In the present experiment, a sub-Alfv enic debris ion population arriving in the collection field of view after the collapse of the diamagnetic cavity can potentially drive the modified two-stream instability and generate a fast tail in the parallel electron velocity distribution. The tail would then effectively constitute the fast, tenuous electron beam that drives the electron beamplasma instability, as in the simple non-linear saturation model employed previously. Prior to the diamagnetic cavity collapse, both turbulent and laminar electric fields can potentially be involved in the generation of fast electrons, though consideration of this more complicated case is outside the scope of this work.
Future experiments will investigate the nature of the electric fields associated with debris-background interaction in greater detail. Specifically, simultaneous observation of the interaction via two orthogonal spectroscopic probes will allow for a measurement of electric field direction and possibly the functional form by correlating best fits of parallel and perpendicular wave field Stark effect models. In combination with Langmuir probe detection of fast electrons, the results should yield conclusive confirmation of the electron beam-plasma instability. Correlation of spectroscopic measurements of this instability to a detailed mapping of the C debris ion distribution via wavelengthfiltered high-speed imaging or planar laser-induced fluorescence 37 will provide insight into the laminar or turbulent electric fields involved in the generation of the necessary fast electrons and shed light on collision-less coupling mechanisms between explosive debris plasma and magnetized background plasma.
V. CONCLUSION
This paper has reported the novel application of emission spectroscopy and the wave field Stark effect to a laboratory study of the electric fields associated with the marginally super-Alfv enic (M A % 1.1), quasi-perpendicular expansion of laser-produced C debris plasma through a preformed, ambient, magnetized He plasma, utilizing a unique experimental platform at UCLA that combines the LAPD and Phoenix facilities. Spectral profiles of the He II 468.6 nm line measured at the spatial position corresponding to the maximum extent of the diamagnetic cavity are observed to intensify, broaden, and develop modulations immediately after the magnetic compression passes through the collection field of view, and the effects persist long after the diamagnetic cavity collapse. While the line intensification indicates energetic electrons above background thermal levels, the modulations suggest the development of monochromatic electric fields, and Fourier analysis verifies the existence of a distinct modulation wave number (corresponding to a distinct electric field frequency) embedded in the wavelength profiles. Time-dependent Stark effect models corresponding to single-mode and multi-mode monochromatic electric fields, in combination with PrismSPECTgenerated synthetic spectra that take all other line broadening mechanisms into account, are applied to the He II 468.6 nm line profiles, yielding a time series (1 ls resolution) of electric field magnitudes ($10 2 kV/cm) and frequencies ($10 11 rad/s). The variation in the quality of the fits of the different models is too small to conclusively determine the electric field direction and functional form, and every model is considered feasible at present. The magnitudes and frequencies do not correspond to turbulent or laminar electric fields directly associated with collision-less debris-background coupling mechanisms, indicating a secondary effect. The proximity of the measured frequencies to the expected electron plasma frequency suggests the development of the electrostatic electron beam-plasma instability, and a simple saturation model verifies that the measurements are consistent provided that a sufficiently fast electron population ($10 9 cm/s) is generated during C debris-He background interaction. The observed line intensification and Langmuir probe measurements from a previous experiment provide additional, indirect evidence that such fast electrons exist. Though the fast electron source is presently undetermined, it likely corresponds to a turbulent or laminar collision-less coupling mechanism, and the persistence of the measured electric fields long after the collapse of the diamagnetic cavity suggests that the modified two-stream instability could be involved. The continued spectroscopic investigation of the electron beam-plasma instability, in combination with Langmuir probe measurements and a detailed mapping of the debris distribution, will thus improve understanding of collision-less coupling mechanisms between explosive debris plasma and magnetized background plasma, providing experimental verification of previous theoretical and computational work.
